Background: Chronic Trauma Encephalopathy (CTE) is a neurodegenerative disease that is the result of repetitive brain trauma. Symptoms may include memory loss, aggression, confusion and depression. In recent years, CTE has been the focus of both investigative reporting and research examining the neurological consequences of cumulative head trauma to which many professional football players are exposed. A potential causal relationship between head injuries suffered by NFL players and later-life neurological decline may have far-reaching public health implications for participants in youth and high school football programs. American football is the largest participation sport in US high schools and is the leading cause of concussion among adolescents and young adults. However, brain trauma risk at the professional level may be different than that at the youth and high school level and the long-term effects of participation at these lower levels is as-yet unclear. To investigate the effect of playing high school football on later life depression and cognitive functioning, we propose a retrospective study using data from the Wisconsin Longitudinal Study (WLS) of graduates from Wisconsin high schools in 1957. Methods and Analysis: Our proposed study is a retrospective observational study that compares 1,153 high school males who played varsity football with 2,751 male students who did not. 1,951 of the control subjects did not play any sport and the remaining 800 controls played a non-contact sport. We focus on two primary outcomes measured at age 65: a composite cognitive outcome measuring verbal fluency and memory and the modified CES-D depression score. To control for potential confounders we adjust for pre-exposure covariates such as IQ with matching and model-based covariate adjustment. We will conduct an ordered testing procedure designed to use the full pool of 2,751 controls while also controlling for possible unmeasured differences between students who played sports and those who did not. We will quantitatively assess the sensitivity of the results to potential unmeasured confounding. The study will also consider several secondary outcomes of clinical interest such as aggression and heavy drinking.
Background and Motivation for Study
American football is the largest participation sport in U.S. high schools more than 1 million boys played high school football in 2014. Playing football involves many hits to the head and is associated with a high rate of concussion of the brain. Football is a leading cause of concussion among adolescents and young adults (Guskiewicz et al., 2000; Gessel et al., 2007) , accounting for nearly half of all sports-related concussions (Marar et al., 2012) . These estimates may, in fact, underestimate the true prevalence of football-related head injury, as evidence suggests that as many of a half of all injuries may go unreported (McCrea et al., 2004) Professional football players are 3 times more likely to die of a neurodegenerative disease than the general U.S. population (Lehman et al., 2012) . Among professional players who have donated their brain for study at death, 87 of 91 have been found to have chronic trauma encephalopathy (CTE), a neurodegenerative disease resulting from repetitive brain trauma whose symptoms may include memory loss, aggression, confusion and depression (Breslow, 2015) . Although professional players donating their brain for study at death is a biased sample, the high rates of CTE in this specialized sample have raised concerns about the cumulative effect of blows to the head inherent in football on later-life cognition and mental health. According to the American Association of Pediatrics statement on tackling in youth football, the recognition of these injuries and the potential long-term sequelae have led some physicians to call for a reduction in the number of contact practices, a postponement of tacking until a certain age, and even a ban on high school football.
While it is possible that playing high school football increases the risk of later-life cognitive impairment and depression, most high school football players ultimately have less years of exposure to football-related head trauma. As such, it is possible that high school players are not at as high of a risk as professional players. Moreover, playing high school football can positively affect personal development, through its emphasis on instilling leadership, responsibility, perseverance, and teamwork, as well as conferring the benefits of regular exercise on overall health. These positive effects could counter-balance the negative effects associated to repeated head trauma. Ultimately, there is little compelling evidence either way of the potential benefits or harms of playing high school football on later life mental health and cognition, motivating the present study.
In theory, the gold standard approach for establishing a causal relationship between playing high school football and later-life depression and cognitive impairment, would be to randomly divide high-school students to two groups, one assigned to play football and one assigned to not play football, and to compare the later life mental and emotional health of the students in each group. Such a study, of course, is highly impracticable and we instead must rely on observational data. The main challenge in estimating the effect of a treatment (in this case playing high school football 1 ) on a given outcome (later life mental health and cognitive impairment) is that the treated and control groups are generally not comparable prior to treatment. As a result, any observed difference in outcomes between the two groups may or may not be attributable to the treatment itself. A common statistical solution to this problem is to first match each treated subject to control subjects along several baseline covariates and then to compare the outcomes within each matched set.
A standard criticism of such an approach is that while we may control for several observed potential confounders, there are still myriad unobserved confounders for which we have not controlled. This prompts us to conduct a sensitivity analysis. In short, a sensitivity analysis examines departures from random treatment assignment that a potential confounder may introduce and the effects such departures have on inferences about treatment effects.
We propose to use data from the Wisconsin Longitudinal Study (WLS) of graduates from Wisconsin high schools in 1957 (Herd et al., 2014) to investigate the link between playing high-school football and later life depression and cognitive impairment. The WLS has a number of attractive features that make it well-suited for such a study. First, it records whether study participants participated in high school football and also includes detailed measurements of later-life mental health, psychological well-being, and cognition. Second, it includes a rich set of baseline covariates which we may use to construct matched sets of treated and control individuals, including family background, adolescent characteristics, educational and occupational achievement and aspirations. Third, the WLS is one of the few longitudinal data sets that includes an administrative measure of childhood cognition. In short, the WLS provides a large data set that facilitates comparing the later life mental health and cognitive ability of men who played high school football to those who did not, after carefully controlling for a range of potential confounders.
Eligibility and Exclusion Criteria
There are a total of 10,317 subsets in the WLS dataset. To determine whether a subject played football, we use data recorded from their senior year high school yearbook. In all, we are missing yearbook information 2 for 1,205 subjects (11.68%), who are dropped from our analysis. Additionally, we exclude the 843 students for whom yearbook information was available but whose activity participant was not recorded under their senior photo or an in index 3 . Of the remaining 8,296 subjects, we consider only the 3,973 (48.04%) males. Since it is possible to suffer mild traumatic brain injuries or repeated concussive impacts in sports such as soccer, hockey, lacrosse, and wrestling, we exclude those subjects who did not play football but played on these "risky" sports 4 . After this exclusion, we are left with a total of 3,904 subjects, of whom 1,153 (29.53%) played football (our treatment group) and 2,751 who did not play football or any other risky sports (our control group). 1,951 control subjects did not play any high school sport (in the sequel, we refer to these subjects as the Non-Sport Control group) and the remaining 800 subjects played a non-contact sport (we refer to these subjects as the Other Sport Control).
Study Outcomes
We will consider two primary outcomes, one related to cognitive functioning and one related to depression, and several secondary outcomes. The WLS administered a battery of cognitive tests and mental health surveys in 1993, between 2003 and 2005, and between 2011 and 2013 , when the subjects were approximately 54, 65, and 72 years old, respectively. Table 1 shows the available cognitive and depression outcomes and the number of eligible subjects for whom we have recorded each outcome. We see that the 2003-05 collection wave was the first to report results from the majority of cognition tests. Thus, for our primarily analysis, we focus only on test results from this collection wave. Yonker et al. (2007) studied the the factor structure of the cognitive functioning test results in the WLS when respondents are 65, and identified three factors -memory/attention (word recall and digit ordering), abstract reasoning (similarities) and verbal fluency (letter fluency and category fluency). For our primary outcome, we focus on one measure of memory/attention, delayed word recall and one measure of verbal fluency, letter fluency. These cognitive domains are most consistent with the National Institute of Health (NIH) recommendations for Common Data Elements in Traumatic Brain Injury research (Wilde et al., 2010) , and have demonstrated the greatest sensitivity to sports-related concussion (Belanger and Vanderploeg, 2005) . For our primary depression outcome, we use the modified CES-D score. Table 2 shows the availability of letter fluency score, delayed word recall score, and modified CES-D in our treated group and our two control groups. If football playing status affect the availability of test results (e.g. playing football increased the likelihood of dying young or early onset of debilitating cognitive impairment so that the subject was unable to participate in the WLS surveys), any comparison of treated and control groups based on these results will be biased. To examine whether football playing status affected the availability of the test results, we fit separate logistic regression models to predict the availability of the letter fluency score, delayed word recall score, and modified CES-D score at age 65 using all of our baseline covariates along with football playing status. We find that football playing status was not a significant predictor of whether a subject will drop out of the study prior to observing later life cognitive or depressive outcomes. We construct our primary cognitive outcome by averaging the z-scores for LF and DWR. Of course, as suggested by Table 2 , there are several subjects for whom one of the two primary cognitive tests scores is unavailable. For these subjects, we define their primary cognitive outcome to be the available z-score. We construct our primary depression outcome as the z-score for CES-D.
In addition to these primary outcomes, we will also study several long-term secondary outcomes:
• Primary cognitive and depression outcomes measured at age 72
• Each cognitive test score and CES-D score at all available ages 13
• Hostility Index at all available ages
• Speilberger Anxiety Index at all available ages
• Speilberger Anger Index at all available ages
• Heavy drinking status at ages 54, 65, and 72 14
We will also look at intermediate outcomes that might or might not be expected to be affected by playing football:
• Duncan SEI score of occupational prestige for job held in 1964, 1970, and 1975 15 • Subject's total earnings in 1974
• Binary indicator for regularly engaging in vigorous physical activity at age 35 13 We will not analyze CF because it was only administered to 50% of the subjects who were subjects to the other cognitive tests 14 A subject is classified as a heavy drinker if he reports having had more than 5 drinks on more than 5 separate occasions in the month preceding the interview.
15 The score for 1964 is reported on the 1950-basis Duncan SEI scale while all other scores are reported on the 1970-basis scale.
Matching
We will compare the primary outcomes of the treated subjects to the primary outcomes of the control subjects, after controlling for baseline covariates via full matching with a propensity score caliper. Appendix A lists the baseline covariates on which we match. The output of the matching procedure is a collection of matched sets consisting of either one or more treated units and a single control unit or a single treated unit and one or more control units. This type of full matching is the optimal sub-classification for an observational study (Rosenbaum, 1991 ).
An intuitive first attempt at matching would be to group treated subjects with those controls subjects whose baseline covariate are identical. When there are several baseline covariates, however, such a strategy is difficult if not impossible to implement. Instead, we aim to create matched sets in such a way that for each covariate, the mean value of the covariate among the matched treated subjects is similar to the mean value of the covariate among the matched control subjects. This is known as covariate balance and we can assess the suitability of the match by looking at the standardized difference in the mean of each covariate between treated and control groups. Minimizing a robust Mahalanobis distance with a propensity score caliper matching is one way to achieve adequate covariate balance (see Rosenbaum, 2010 , Chapter 8).
As we saw in Table 2 , not all individuals have all three primary test results available. To facilitate appropriate comparisons between treated and control groups, we first stratify our study population based on the availability of the primary outcome components (i.e. the rows of Table 2 ) and construct a match within each stratum. This ensures that all subjects in each matched set have the same test scores available.
We hypothesize that, after adjusting for measured baseline covariates, the effects of playing football are long term and will not affect outcomes shortly after high school. If we saw differences among football and non-football players in outcomes shortly after high school after accounting for measured baseline covariates, we would be concerned that this may reflect unmeasured baseline differences between football and non-football players rather than an effect of football. Specifically, we consider the outcomes of years of education and military service. Since additional years of higher education can have protective effects on later-life cognition and experiences in the military may affect psychological well-being, differences in post-secondary education and military service between the football and non-football subjects would make it difficult to attributed any differences in primary outcomes to participation in high school football since we hypothesize that football does not affect post-secondary education after controlling for measured covariates. We perform Mantzel-Haenszel tests on binary indicators of military service up to 1975 and realized years of post-secondary education 16 . We find no significant association between playing football and serving in the military or the amount of post-secondary education completed, after adjusting for the measured covariates. Thus, these tests provide no evidence of unmeasured baseline differences football and non-football players.
16 In 1975, the WLS recorded each subject's equivalent years of education (12 for those who did not attend college, 13 for those with one year of college, etc.). Those with baccalaureate degrees were coded as having the equivalent of 16 years of education, those with 2-years masters degrees were coded as having 18 equivalent years, etc.
Testing in Order for Primary Outcomes
Once we match treated subjects to control subjects, we can compare the two primary outcomes from the treated and control groups. However, there may still be residual covariate imbalances within matched sets. Although full matching can help eliminate bias by balancing covariates on average, some bias may remain due to these residual covariate imbalances. One way to further reduce bias as well as variance due to residual covariate imbalances is to combine full matching with covariate adjustment via regression (Rosenbaum, 2002a; Hansen, 2004) . In particular, we regress each primary outcome on matched set indicators, covariates, and a treatment indicator. In general, combining matching and model-based covariate adjustment methods have been shown to produce treatment effect estimates with lower bias than either method alone (Rubin, 1973 (Rubin, , 1979 . We then test the hypothesis of no treatment effect using standard OLS p-values for the coefficient on the treatment indicator. For both primary outcomes we perform these tests at level α = 0.025 using a Holm-Bonferroni correction for multiple comparisons.
One concern with this comparison, however, is that students who participate in high school sports may differ substantially from non-participants in terms of personality, temperament, and overall fitness and lifestyle (all of which are unmeasured). As such, including those subjects from the NonSport control group may introduce problematic unmeasured confounding. The Other Sport control group is arguably a closer and more appropriate control group. Simply dropping the non-sport controls from our analysis would cut our effective sample size by about 1/3 and could result in a substantial decrease in power. Moreover, additional comparisons between treated group and the Non-Sport controls and between both control groups could show that it is playing football, and not simply playing high school sports, that are driving the outcomes.
That is, by using both control groups separately we may systematically vary the unmeasured confounders of concern. In order to preserve the increased power of using controls from both groups while still testing the treated group against each group separately we consider an ordered testing procedure which controls the family wise error rate (FWER) (Rosenbaum, 2008) . In particular, we first test the null of no treatment effect using matched sets constructed with all controls. If we reject that at level alpha we conduct the same test separately using matched sets constructed using non-contact sport playing controls and controls who did not play sports. If we reject both separate tests at level alpha then we perform an equivalence test between the two control groups. If at any stage of the ordered testing procedure we do not reject, we stop the procedure. For example, if we do not reject the test using all controls we do not continue on to test against the two control groups separately. This stopping rule is what guarantees FWER control.
We will perform the above ordered testing procedure for both the composite cognitive outcome and the depression outcome. We will also report marginal 97.5% confidence intervals that go along with each test (regardless of whether we reach the test in the testing in order procedure). Table 3 illustrates how we will report the results from this testing procedure. For the comparison of the two control groups, the alternative hypothesis is that the two groups differ less from each other than either group differs from the treated group. Note, the entires in Table 3 are for illustrative purposes only. For Match 1, each matched set consists of exactly one football player and up to 6 controls. For Matches 2 and 3, each matched set consists of either one football players and up to 6 controls or one control and up to three football players. For Match 4, each matched set consisted of one subject from one control group and up to six from the other. The tables in Appendix B list the composition of the matched sets for these four matches. To assess whether each match produced adequate covariance balance, we compute standardized differences, which are shown in the Love plots in Appendix B.
Looking at the Love plot from Match 1, we see that prior to matching, football players tended to come from smaller schools (negative standardized difference for the covariate hssize) and were more likely to be involved in student government (positive standardized difference for the covariate schgovt). After matching, however, we achieve good balance on these two covariates. We see a similar pattern with Match 2. In Match 3, however, we note that the covariates were already balanced before matching. It is reassuring, then, to see that the covariates remained in balance after matching. In Match 4, we observe that there is substantial imbalance for hssize and schgovt prior to matching.
Secondary Analysis
Secondary and intermediate outcomes will be analyzed using the matched sets from Match 1 (i.e. we will not use a testing in order procedure). We will report the marginal p-value and also whether the p-value is significant after adjusting for multiplicity with the Benjamini-Hochberg procedure.
For continuous outcomes, we will use the same method as for the primary outcomes of regressing the outcome on football status, matched set dummies and the covariates. For the binary secondary outcomes, we will use conditional logistic regression of the outcome on football status and the covariates with the matched sets being strata.
Football playing status is an admittedly coarse measure of potential exposure to repetitive head trauma. A much finer analysis 17 would account for the length of exposure. To estimate this dose effect on our primary outcomes, we will repeat our primary analysis but use the number of years of football participation (as recorded by a students yearbook) as a dose. Functionally, this involves re-running our primary analysis but scaling the response variables by the number of years of football participation.
Sensitivity Analysis
Controlling for observed baseline covariates through matching is designed to eliminate bias in treatment assignment by balancing the distribution of observable potential confounders between the treated and control groups. However, it cannot ensure balance of unobserved confounders unless they are highly correlated with observed confounders. Conditional on the full matching, let Γ bound the odds ratio of treatment for any pair in a matched set. For each marginally significant outcome in both the primary and secondary analysis we will report the Γ at which the result is sensitive (i.e. the Γ at which the result becomes insignificant). This is known as a sensitivity analysis (Rosenbaum, 2002b) and allows us to quantitatively assess how sensitive the results are to bias in the treatment assignment due to the observational nature of the study. Larger values of Γ provide greater evidence for the studys causal conclusions. Sensitivity analyses for the continuous primary and secondary outcomes will be performed with the sensitivitymv package in R where we will use the Huber-Maritz M-test with no trimming at level α = .025 for the primary outcomes and α = .05 for the secondary outcomes. The sensitivity analysis will be performed on the residuals after regressing the outcomes on the covariates -this is the covariance adjustment procedure suggested by (Rosenbaum, 2002a) . For the binary secondary outcomes, we will use a sensitivity analysis for testing the null hypothesis of no treatment effect using the Mantel-Haenszel test (Rosenbaum, 2002b , Section 4.2).
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17 Finer still would be to use the number of practices or games played but this data is not recorded
• Whether subject's friends planned to go to college in 1957 (zfrplc) ‡
B Composition of Matched Sets
For Matches 1,2, and 3, the first number in the composition column in the tables below is the number of treated subjects in a matched set and the second number gives the number of control subjects in the matched set. For Match 4, the first number in the composition column is the number of Non-Sport controls in the matched set and the second is the number of Other Sport controls in the matched set. 
